We examined narrative speech production longitudinally in non-demented (n = 15) and mildly demented (n = 8) patients with Parkinson's disease spectrum disorder (PDSD), and we related increasing impairment to structural brain changes in specific language and motor regions. Patients provided semistructured speech samples, describing a standardized picture at two time points (mean ± SD interval = 38 ± 24 months). The recorded speech samples were analyzed for fluency, grammar, and informativeness. PDSD patients with dementia exhibited significant decline in their speech, unrelated to changes in overall cognitive or motor functioning. Regression analysis in a subset of patients with MRI scans (n = 11) revealed that impaired language performance at Time 2 was associated with reduced gray matter (GM) volume at Time 1 in regions of interest important for language functioning but not with reduced GM volume in motor brain areas. These results dissociate language and motor systems and highlight the importance of non-motor brain regions for declining language in PDSD.
Introduction
The term Parkinson's disease spectrum disorder (PDSD) covers a range of progressive neurodegenerative conditions characterized by the presence of synuclein histopathologic inclusions. These include Parkinson's disease (PD) without cognitive impairment, PD with mild cognitive impairment (PD-MCI) that typically affects a single domain of cognition such as executive or visuospatial functioning, PD with dementia (PDD) and dementia with Lewy bodies (DLB). Besides the motor deficits present in all PD and most DLB patients, up to 80% of PD patients and all DLB develop dementia (Aarsland, Andersen, Larsen, Lolk, & Kragh-Sorensen, 2003; Buter et al., 2008; Hely, Reid, Adena, Halliday, & Morris, 2008) , including deficits in executive function, memory, visuospatial perception, and language.
With regard to verbal communication, investigations of language in PDSD have reported impairments in voice and articulation, which may be attributed to declining motor function (Cummings, Darkins, Mendez, Hill, & Benson, 1988; Ho, Iansek, Marigliani, Bradshaw, & Gates, 1998) . Other areas of difficulty reported for language include sentence comprehension (Grossman, Carvell, Stern, Gollomp, & Hurtig, 1992; Lieberman, Friedman, & Feldman, 1990) and verbal fluency (Crescentini, Mondolo, Biasutti, & Shallice, 2008; Obeso, Casabona, Bringas, Alvarez, & Jahanshahi, 2012) . However, there are few reports of spontaneous speech production in PDSD (Robinson, 2013) .
Rare studies have examined the decline of different aspects of cognitive functioning over time in PDSD (de Lau, Schipper, Hofman, Koudstaal, & Breteler, 2005; Janvin, Aarsland, & Larsen, 2005; Marder, Tang, Cote, Stern, & Mayeux, 1995; Shoji et al., 2014 ), but we are not aware of any studies that have examined the trajectory of speech production difficulties in PDSD over time. Spontaneous language production is critical to the ability of a person to communicate with family, caregivers, and medical providers. An improved understanding of the language production capabilities of PDSD patients and the evolution of these capabilities over time has the potential value of informing speech therapy interventions for PD, facilitating accurate prognosis, and improving endpoints in treatment trials. The present report provides the first longitudinal study of impairments in speech production in PDSD, and we examine the contributions of motor and cognitive impairments to speech deficits in these patients. We hypothesized that language impairments in PDSD are not exclusively a consequence http://dx.doi.org/10.1016/j.bandl.2017.05.001 0093-934X/Ó 2017 Elsevier Inc. All rights reserved.
of motor impairments, and we found evidence substantiating this hypothesis by observing specific changes in features of speech production over time and the association of those changes with neuroanatomic atrophy.
Language is classically thought to be supported by peri-Sylvian regions of the left hemisphere (Damasio & Geschwind, 1984; Geschwind, 1970) . Inferior frontal regions have been associated with grammatical features of speech production such as mean length of utterance (MLU) (Borovsky, Saygin, Bates, & Dronkers, 2007; Grossman et al., 1996; Grossman et al., 2013) , and posterior-superior temporal regions have been associated with lexical retrieval and the expression of meaningful language content (Borovsky et al., 2007; Troiani et al., 2008) . It has become clear in more recent studies that some aspects of language receive bilateral support. For example, speech rate recently has been associated with bilateral frontal regions, particularly in individuals who are aging or have a neurodegenerative disease (Ash et al., 2012; Grossman et al., 2013; van Oers et al., 2010) . In the present study, we investigate whether atrophy at baseline in brain regions important for language predicts longitudinal speech production deficits in PDSD.
Materials and methods

Subjects
We conducted a longitudinal study of 23 patients with PDSD, diagnosed in the Cognitive Neurology or Movement Disorders clinics of the Department of Neurology at the University of Pennsylvania by experienced neurologists according to published criteria (Emre et al., 2007; Hughes, Daniel, Kilford, & Lees, 1992; Litvan et al., 2007; McKeith et al., 2005) . We examined two groups of patients and assessed each patient twice (Time 1 and Time 2). A non-demented group (NON-DEM, n = 15) consisted of a combined cohort of 9 patients with PD and no recorded cognitive impairment and 6 patients with PD-MCI, who exhibited impairment in only a single cognitive domain (Litvan et al., 2007) . The second group, patients with dementia (DEM, n = 8), consisted of 3 patients with PDD and 5 with DLB, diagnosed according to criteria for PDD (Emre et al., 2007) and DLB (McKeith et al., 2005) . Patients whose cognitive status declined during the interval between assessments were assigned to the group corresponding to their first assessment (Time 1). Three PD patients with no cognitive impairment at Time 1 were judged to have MCI at Time 2. Since the NON-DEM group consisted of both unimpaired PD patients and patients with MCI, these three participants were assigned to the NON-DEM group despite their change in cognitive status. One patient with PD-MCI at Time 1 was diagnosed with PD-PDD at Time 2. The analyses reported below were conducted with this patient assigned to the NON-DEM group, in accordance with the principle stated above. However, to test the validity of this classification, all significance tests were also run both with this patient assigned to the DEM group and with this patient omitted altogether. These different assignments produced no change to the significance of any of the results reported below. Features such as fluctuating cognition, attention, alertness, and visual hallucinations were mild and did not interfere with performance at the time of testing. Exclusionary criteria included other causes of dementia, such as metabolic, endocrine, vascular, structural, nutritional, and infectious etiologies and primary psychiatric disorders. Each of the 2 subgroups of patient participants was compared to a group of 20 healthy control subjects. These healthy controls were examined only once, since pilot work indicated that there is little change over this brief To test the contribution to speech production of motor functioning specific to the speech articulators, a measure of oral functioning was constructed by summing the scores on the first three items of the UPDRS II scale; these assess speech, salivation, and swallowing. Motivation/initiation was assessed according to the UPDRS I, and a modified Hoehn & Yahr scale was used to assess overall severity of motor involvement. These measures did not show decline over time or differentiate the two groups, except DEM patients were more impaired on the Hoehn & Yahr scale than NON-DEM at Time 2 (see Table 1 ). Neuropsychological tests were administered to assess the level of cognitive functioning of the participants, as summarized in Table 1 . DEM showed worse performance than NON-DEM on these tests at both time points, and MMSE declined significantly between Time 1 and Time 2 in DEM but not NON-DEM.
All subjects completed an informed consent procedure in accordance with the Declaration of Helsinki and approved by the Institutional Review Board of the University of Pennsylvania.
Materials
The participants' task was to describe the Cookie Theft scene from the Boston Diagnostic Aphasia Examination (Goodglass & Kaplan, 1972) . The picture is a black-and-white line drawing. It depicts a boy on a stool which is tipping and about to fall over while the boy is taking cookies from a cookie jar on a shelf. The boy's sister is standing on the floor with her arm extended to take a cookie from her brother. Their mother is standing at the kitchen sink washing (or drying) a dish, while the faucet is running and water is spilling onto the floor. The mother is standing in a pool of water but takes no notice of either the water or the children's actions. There is a window over the kitchen sink through which an outdoor scene is visible. The task of giving a verbal description of this scene is engaging and not cognitively taxing, and it provides speech samples that are comparable among participants. Moreover, the language characteristics provided by this brief speech sample have been shown to be comparable to the characteristics of language in a much longer and more demanding speech production task, the narration of a story from a wordless picture book .
Procedure
Participants were given either 60 s (n = 45 recordings) or 90 s (n = 21 recordings) to speak. The difference in testing times was due to a change in the protocol during the period of data collection. All PDSD participants were recorded at least two times. While 9 PDSD participants were recorded additional times, the first and last recordings of each individual were examined for purposes of the present analysis in order to maximize the opportunity to observe an effect of change over time. The recordings were made at an average interval of 37.4 (S.E. = 4.9) months, and this did not differ across groups. Patients taking medications were tested in the ''ON" state. Control participants were recorded only one time. The descriptions were recorded digitally, transcribed by trained transcribers, and reviewed and coded by a trained linguist (SA) using transcription conventions described elsewhere (Ash et al., 2006) .
Speech analysis
The speech samples were analyzed for features representing a range of levels of language structure, including fluency, grammar, and informativeness. Fluency was measured by speech rate, as complete words spoken per minute (WPM). Grammatical structure was assessed by the mean number of words per utterance, where an utterance is defined as one independent clause and all clauses dependent on it (Hunt, 1965) . The higher level of informativeness was evaluated by the adequacy of reported content, determined by the number of essential and minor propositions conveyed by the scene that were named by the participant. The essential propositions include the following:
1. A woman is doing dishes. 2. The sink is overflowing. 3. The woman does not notice the problematic events that are occurring in the room. 4. The woman is standing in a pool of water. 5. A boy is getting cookies. 6. The boy is standing on a stool that is falling over. 7. A girl is collaborating in getting the cookies.
Minor propositions include (1) any mention of other objects in the room, such as plates and cups on the counter, the window with curtains, cabinets, the clothing worn by the figures in the drawing; and (2) any mention of the scene portrayed outside the room, such as bushes, trees, a walkway, another building, or comment on the weather. One point is awarded for mention of each essential proposition, and one point is awarded for mention of any of the minor propositions, for a possible total score of 9.
Statistical considerations
Levene's test of homogeneity of variances indicated that some language measures and neuropsychological test scores did not meet the requirement of homogeneity required for parametric statistical tests. Therefore we used nonparametric tests to assess the differences between and within subject groups. Comparisons between subject groups were calculated by the Mann-Whitney U statistic; comparisons within subject groups were calculated using the Wilcoxon signed ranks test; correlations were calculated using Spearman's rho. Since all statistical comparisons were motivated by a priori hypotheses, corrections for multiple comparisons were not performed.
Imaging methods
Structural MRI scans were available for 11 patients (6 NON-DEM and 5 DEM) within 1 year of the first Cookie Theft recording (mean ± SD interval = 6.2 ± 4.0 months). The 11 patients with baseline MRI scans did not differ statistically from the full cohort of their respective subgroups on any language or neuropsychological measures (see Appendix A). We performed a regression analysis of reduced gray matter (GM) volume at Time 1 with features of language performance at Time 2 to assess the predictive value of cerebral atrophy for future performance on the language variables.
T1 structural gray matter imaging acquisition and analysis
A structural T1-weighted 3-dimensional spoiled gradient-echo sequence was obtained on a Siemens 3.0T Trio scanner with an 8-channel head coil with sequence parameters of TR = 1620 ms, TE = 3 ms, flip angle = 15°, matrix = 192 Â 256, slice thickness = 1 mm, and in-plane resolution = 1 Â 1 mm. Reasons for exclusion included health and safety (e.g., metallic implants, shrapnel, claustrophobia), intercurrent medical illness, or patient preference. The images were normalized to a standard space and segmented using the Advanced Normalization Tools (ANTs) (http://www.picsl.upenn.edu/ANTS/) PipeDream interface (http://sourceforge.net/projects/neuropipedream/) ( Tustison et al., 2014) . The ANTS toolkit implements the most reliable diffeomorphic and symmetric registration and normalization method available (Avants, Epstein, Grossman, & Gee, 2008; Klein et al., 2010) . First, N4 bias correction of all images was performed to minimize image inhomogeneity effects (Tustison et al., 2010) . Brain extraction was performed by registering a dilated template brain to each individual subject brain to guide segmentation of the full MRI volume. Atropos six-tissue class segmentation (cortex, deep gray, brainstem, cerebellum, white matter, and CSF/other) was performed using an optimized combination of prior knowledge from N4 bias-correction and template-based priors to guide the segmentation process (Avants, Tustison, Wu, Cook, & Gee, 2011) . Voxelwise calculations of GM segmentation (GMS) measures were performed as the weighted probability of a voxel belonging to a specific tissue class. Finally, we employed a diffeomorphic and symmetric registration algorithm to warp each GMS map to a custom template of demographically matched controls (n = 115) and neurodegenerative patients (n = 93, including frontotemporal degeneration, Alzheimer's disease, amyotrophic lateral sclerosis, and PD). Thirty brains from the OASIS dataset (Marcus et al., 2007) underwent labeling using MindBoggle protocol (Klein & Tourville, 2012) . We then used ANTs joint label fusion (Wang et al., 2013) on the 30 labeled brains after cleaning to assure that only consistent labels were included. From this we generated an anatomically defined template space label set containing 98 cortical and 15 subcortical GM regions of interest (ROIs). The label set was then warped from the template space to each individual's native space and masked by the individual's GMS image to create the individual's native label set. Finally, we calculated GM volumes of each ROI in the individual's native label set.
A group of frontal, temporal, parietal, and subcortical regions of interest (ROIs, 14 total) were extracted from the label set. In each hemisphere, four regions were selected that were expected to be involved in language production and processing, and three were selected that are involved in motor functioning. Thus, seven regions were evaluated in both right and left hemispheres; the five cortical regions are shown in Fig. 2 . We then performed a regression analysis with PD patients' behavioral scores and GM volume in these cerebral regions (Fig. 2) . The language-related regions include middle frontal gyrus (MFG), the opercular part of the inferior frontal gyrus (IFG), the transverse temporal gyrus (TTG), and the planum temporale (PT). The regressions of GM volume with speech production measures bilaterally in brain regions that are involved in motor functioning included the primary motor cortex (PMC), caudate, and substantia nigra. To evaluate whether baseline imaging could predict performance at a later point in time, we ran a regression analysis relating GM volume in each region to each score at Time 2. A significant positive regression would suggest that imaging at baseline can signal impending language decline.
Results
Language production measures
The measures of speech production for the participant groups at the time of first recording (Time 1) and last recording (Time 2) are displayed in Fig. 1. Fig. 1 Panel A shows that NON-DEM participants speak at a somewhat slower speech rate than controls at Time 1, and there is no significant change from Time 1 to Time 2. This contrasts with DEM participants, whose speech rate is less than that of controls at both 
Clinical and cognitive measures
As noted above, there was no significant decline according to Hoehn & Yahr staging of motor severity in either patient group. The data available for Hoehn & Yahr staging is limited; however, it appears that change in language functioning in DEM may be unrelated to change in motor functioning over time. The decline over time of all three language measures in DEM also showed no correlation with change in age or neuropsychological measures, including MMSE, naming (BNT), or reverse digit span (all r s < 0.35, all p > 0.54). For FAS, there was a nonsignificant correlation with WPM (r s = À0.66, p = 0.156) and a nonsignificant correlation with MLU (r s = À0.43, p = 0.397). There was a borderline association relating report of content with FAS (r s = 0.79, p = 0.059). These results provide no clear evidence of an association between decline in language and neuropsychological performance, but they indicate the need to evaluate these variables in a larger study.
Imaging
Regressions of speech measures with reduced GM volume are displayed in Fig. 2 . We performed regressions of GM volume at Time 1 with measures of speech production taken at Time 2 in brain regions that have been shown to be important for language and for motor functioning. Significant regressions were found for speech rate with the right MFG and right IFG; for MLU with left IFG; and for reported content with left TTG. There were no significant regressions for any of the speech variables with any of the motor regions, including motor cortex, striatum, and substantia nigra. Details of the regressions of speech measures with GM volume at both Time 1 and Time 2 are presented in Appendix C.
Discussion
We conducted a longitudinal study of 23 PDSD patients in order to examine the relation between cognitive status, motor function, and language production over time. Cross-sectional studies can determine whether there is an association between two factors, but a causal link between factors can be inferred with greater confidence when factors change together over time. There are numerous studies of dementia in PDSD (Buter et al., 2008; Hely et al., 2008; Shoji et al., 2014) , but relatively few of language impairment, and fewer still of change in language capabilities over time. In the present study, we found that the NON-DEM patients did not differ from controls on measures of speech production, and their language performance did not decline significantly over time. In contrast, DEM patients declined significantly in fluency, grammatical structure, and report of content, resulting in progressive impairment on all three variables. In addition, DEM were impaired on all cognitive measures from the first assessment onward, suggesting that language deficits may be due in part to non-linguistic cognitive deficits. Previous work has associated grammatical comprehension in PDSD with executive deficits (Grossman, 1999; Grossman et al., 1992) . However, our longitudinal observations suggest instead that the PDSD patients' decline on cognitive measures was generally unrelated to their decline on language measures. We observed a significant change in overall dementia severity in the DEM group, consistent with their overall declining cognition, but decline in language functioning appeared to be independent of overall dementia severity. Since declining language appears to be largely unrelated to declining cognition, our observations emphasize the importance of ascertaining specifically language functioning in PDSD patients. Likewise, clinical and motor features of PDSD were not related to language functioning. Regression analyses in a representative subset of PDSD participants revealed that impaired performance on speech production vari- ables at Time 2 was related to cortical atrophy at Time 1 in neuroanatomic regions that are important for language functioning, but language measures were unrelated to GM volume in areas associated with motor features of PDSD. This suggests that GM atrophy in language areas is predictive of ensuing deterioration in language performance. We discuss these findings below.
Speech rate
Speech rate is a highly sensitive indicator of a disturbance in speech production. Numerous studies of speech production show that speech rate is diminished in neurodegenerative diseases that cause progressive aphasia (Ash et al., 2009; Grossman et al., 2013; Gunawardena et al., 2010; Rogalski et al., 2011; Wilson et al., 2010) . Decreased speech rate has also been documented in non-aphasic patients with behavioral variant frontotemporal degeneration (Ash et al., 2006) and amyotrophic lateral sclerosis (Ash et al., 2015) . We have previously shown that patients with PDSD have reduced speech fluency as well (Ash et al., 2012) . In the present study, speech rate was impaired in DEM but not in NON-DEM, and moreover speech rate declined from Time 1 to Time 2 in DEM. Speech rate depends upon multiple factors, reflecting both motor abilities and various aspects of cognition, including initiation/motivation and the linguistic skills needed to produce speech. While reduced initiation/motivation and motor slowing are noted in PDSD (McKinlay et al., 2008; Oguru, Tachibana, Toda, Okuda, & Oka, 2010) , we did not find a correlation between assessments of initiation/motivation and speech rate or between measures of motor functioning and speech rate. In a crosssectional study of 35 PDSD patients (Ash et al., 2012) , we found, as in the present study, that speech rate in demented patients was not correlated with measures of motor ability or motivation. We have shown elsewhere that deficits in motor functioning are related to specific aspects of speech production but that speech rate, as measured by words per minute, is related instead to nonmotor aspects of speech (Ash et al., 2015) . Thus, deficits in motor functioning and general cognitive attributes such as slowing and initiation/motivation are not likely to explain the longitudinal decline in speech rate seen in the DEM subset of patients.
In our previous cross-sectional study (Ash et al., 2012) , we found that reduced speech rate appeared to be associated with impaired executive resources based on a composite measure that included the present measure of mental search. This is consistent with other reports that language impairments in PDSD are attributable in part to impaired executive functioning (Bastiaanse & Leenders, 2009; Grossman, 1999; Grossman et al., 2003) . However, speech rate declined over time in the cohort of the present study even though executive deficits did not exhibit a significant change over time. While executive deficits could have contributed to the patients' baseline difficulty in planning the description of a picture, it is less likely that a relatively stable level of executive difficulty played a significant role in the declining speech rate we observed. Likewise, declining speech rate was not correlated with declining MMSE or declining motor functioning in DEM. Additional work is needed to assess these findings in a larger cohort.
The imaging findings of the ROI analysis in the present study revealed significant regressions of speech rate with right MFG and the opercular part of right IFG. The lateralization of these regression results suggests the need for further investigation. Consistent with the present results, in a previous study of speech fluency in PDSD (Ash et al., 2012) , we found an area associated with reduced speech rate in right MFG (BA10). In a study of nonfluent/ agrammatic primary progressive aphasia (Grossman et al., 2013) , right inferior frontal atrophy was found to be associated with effortful speech, parallel to the right IFG region associated with reduced speech rate in the present study. This is also consistent with results reported for Broca's aphasia following stroke, implicating right frontal regions (Hamilton et al., 2010; van Oers et al., 2010; Winhuisen et al., 2005) . These studies describe contributions of right frontal regions to the support of language production which may partially compensate for the damage to left frontal regions during the subacute phase of stroke, although, in the chronic phase of recovery, some suggest that right hemisphere IFG activation may be maladaptive. In the present case, another potential account may be that compensatory strategies are associated with neurodegeneration. fMRI studies provide evidence that aging seniors up-regulate right IFG during language processing as a potential compensatory mechanism (Cabeza, 2002; Grossman et al., 2002) , and studies of PD patients indicate that patients increase activation of right IFG as well as left posterolateral temporal-parietal areas during sentence comprehension relative to healthy seniors (Grossman et al., 2003) . Disease in right frontal regions thus may interfere with speech rate. The groundwork for the longitudinal reduction in speech rate in DEM patients appears to be laid in part at an early stage of disease and predisposes these individuals to later decline. Additional work is needed to determine more precisely the basis for these linguistic-anatomic associations in patients with PDSD.
Mean length of utterance
MLU is a measure of the elaboration of syntactic structure. In order for the number of words in an utterance to increase beyond a bare subject and inflected verb, additional elements must be incorporated. A longer utterance may include adverbial phrases, prepositional phrases, dependent clauses, and other constituents, and these are incorporated into a sentence by increased grammatical complexity. MLU is commonly found to be reduced in individuals with aphasia (Andreetta, Cantagallo, & Marini, 2012; Borovsky et al., 2007; Grossman et al., 2002; Thompson et al., 2012) . In the present study, MLU in DEM patients declined significantly over time and was significantly lower at Time 2 than the average for controls and NON-DEM patients with PD. However, the decline in MLU was not correlated with the decline in MMSE or other cognitive measures (all p > 0.3), suggesting that cognitive functioning was not a significant factor in the decline in grammatical complexity in DEM patients. Furthermore, there was no evidence of a motor contribution to the decline in MLU.
The ROI analysis in the present study identified a significant regression of MLU at Time 2 with GM volume in the opercular part of left IFG at Time 1. This region, Brodmann area 44, has been identified as a locus of syntactic processing in numerous fMRI studies of healthy adults (Goucha & Friederici, 2015; Heim, Opitz, & Friederici, 2003; Zaccarella, Meyer, Makuuchi, & Friederici, 2015) and in studies of patients with impairments of grammatical comprehension and expression (Ash et al., 2009; Charles et al., 2014; Grossman et al., 2013; Gunawardena et al., 2010) . The present study associates deficits in syntactic processing with this neuroanatomic region during active and unconstrained production of syntax. Furthermore, our findings suggest that impending decline of this ability is presaged by reduced GM volume in left inferior frontal cortex at an earlier stage of the disease in PDSD.
Report of content
The content of a message has real-world importance: we speak in order to communicate ideas, feelings, needs, intentions, and simply to relate to other people. Deficits in the ability to communicate the substance of a message have consequences for the well-being of a speaker. Thus an impaired ability to enumerate the salient propositions in the Cookie Theft scene implies a deficit with potentially serious consequences. Producing the content of a message is a com-plicated, multifaceted discourse task which draws on a variety of cognitive resources. In the case of a picture description, it requires taking note of the salient features of the picture, retrieving the names of these elements, and putting them into spoken words.
Impoverished content has been documented previously in studies of narrative discourse in neurodegenerative disease (Croisile et al., 1996; Gola et al., 2015; Hier, Hagenlocker, & Shindler, 1985) and stroke (Hier et al., 1985; Joanette & Goulet, 1990; Marini, Zettin, & Galetto, 2014) . In the present study, DEM patients reported fewer propositions of the picture than controls did both at Time 1 and Time 2 and fewer propositions than NON-DEM at Time 2. Moreover, the performance of DEM patients declined over time. This decline in report of content exhibited a trend towards correlating with the decline in performance on the FAS test of executive functioning. As FAS scores were available for only a limited number of participants, this result is only suggestive of a possible explanation of the change in report of content and calls for further investigation. In our earlier study of PDSD performance in the spoken production of a lengthy narrative (Ash et al., 2011) , measures of discourse adequacy were found to correlate with executive functioning. This supports the suggestion in the present study that speech production at the level of discourse may rely in part on executive resources. Such resources may involve the selection of salient features to be mentioned in a description, appropriately naming these features, and organizing them to formulate a coherent narrative. By comparison, there was no evidence that motor impairment or overall dementia played a role in the decline of report of content in DEM patients.
The regression analysis of report of content at Time 2 reveals an association with diminished gray matter volume at Time 1 in transverse temporal gyrus (TTG, also known as Heschl's gyrus). This region, constituting primary and association auditory cortex, has shown activation in response to a speaker's hearing his or her own voice in fMRI studies (Wise et al., 2001 ). This area also appears to be activated during comprehension of semantically demanding sentences (Peelle, Gross, & Davis, 2013; Rodd, Davis, & Johnsrude, 2005) . In addition, a study of healthy young adults found significant activation in left temporal-parietal regions, including superior temporal cortex, during narrative speech production relative to single picture description (Troiani et al., 2008) . Further work is needed to clarify the role of this region in the report of content in a picture description.
Conclusions
In this study we extended the investigation of connected speech production in patients with focal neurodegenerative disease by examining longitudinal change in a cohort of PDSD patients with and without dementia. While this study is among the first to examine language decline longitudinally in PDSD, our observations are limited by the small sample size. Although we did not find evidence for a motor confound as we monitored the relationship between motor functioning and speech production, additional work is needed in larger groups and with longitudinal measures of language comprehension that can minimize the potential confounding effect of motor impairment in PDSD. Narrative expression involves multiple language components and may also engage executive resources to help organize a description of a complex picture; additional work is needed to specify the relative contributions of linguistic and executive deficits to declining narrative speech in PDSD. We also assessed the neuroanatomic basis for declining language, although we had available only a small number of imaging studies.
With these caveats in mind, we found that language decline over a period of a year or more was observable in DEM patients with PDSD, while NON-DEM patients did not exhibit longitudinal decline in speech rate, grammar production, or identification of the reportable propositions in a complex picture. Longitudinal changes in language expression were independent of declining performance in other cognitive and motor domains. Regression analyses showed that baseline cortical atrophy in a network of brain regions known to play a role in language production was predictive of future deterioration in language performance. Finally, we found no association of impaired language features with cerebral regions that support motor functioning, including primary motor cortex, substantia nigra, or caudate. 4.9 ± 1.3 (16) 3.9 ± 1.6 (7) 1 All comparisons between the full patient cohort and the subset of patients with imaging data are not statistically significant; p > 0.2 for all comparisons. 2 For neuropsychological and clinical tests, the number of participants with available data for each group is given in parentheses.
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C.1. Regressions of gray matter volume with measures of language performance at Time 1 
